INTRODUCTION
The structural, chemical, and functional stability of the desheathed sciatic nerve of the toad, Bufo marinus, renders it a favorable preparation for the study of electrolytes in myelinated nerve fibers (22) . However, the uncertainties inherent in the use of such nerves--introduced by the presence (a) of fibers differing in basic structure as well as in dimensions, (b) of myelin sheaths and nodes, and (c) of diffusion restrictions in the extracellular space--make desirable parallel studies on simpler systems.
The giant axons of cephalopods lack the structural discontinuities of myelinated vertebrate fibers and appear to present less difficulty with respect to the extracellular space (e.g., reference 9). Consequently, the kinetics of ion movement has been examined in giant fibers from the squid, Loligo pealii, by techniques which have proven satisfactory with toad nerve.
Methods
Individual axons, taken from the hindmost stellar nerve, were thoroughly cleaned except for very small areas in the vicinity of branches, tied loosely but directly to a fine glass rod coated with Zophar wax, and exposed, usually for an hour, to oxygenated, stirred artificial sea water (A.S.W.) containing a radioisotope. Rayon thread, impregnated with the wax, which has properties similar to ceresin, served for ligatures. The A.S.W. was similar to that described by Hodgkin and Katz (6) with the quantities of all constituents, except potassium, reduced by the factor 52/56 to provide a solution equivalent osmotically to 0.52 M NaC1, with which Woods Hole sea water is isotonic. Preliminary. measurements with a Bowman freezing point apparatus verified this salinity of the sea water. The potassium level was raised to 17 mE/liter to conform with the potassium content of squid plasma (15) .
Following this soak period, fiber and rod were rinsed twice during a total of ~ minute in large volumes of radioisotope-free sea water, a procedure found to prevent appreciable transfer of radioactivity by the glass or the thread, and immersed in inactive A.S.W. in order to follow the emergence of radioactivity.
Exposure to radioisotopes, or the subsequent r~peated collection and replacement of the desaturation curve in toad nerve, in which they have been attributed to an extracellular and intracellular phase, respectively (22) . We shall refer to the former in this system as the '¢X-phase," since it probably is not homologous to the extracellular "space" of multifibered nerves. Accepting this view, Averaged decline, in radioisotope-free A.S.W., of the Na = content of 5 giant fibers relative to the total present following ca. 70 minutes' exposure to Na m A.S.W.B. Rate of Na ~' loss, relative to the initial axonal activity and corrected for the volume to area ratio, estimated from Na = escaping during successive collection intervals of 5 or 15 minutes each. (a) Average of 5 control nerves. (b) Average of 5 preparations subjected to N2 and then to O= at the indicated times. Of these., 2 were in A.S.W., I in A.S.W. containing I m~c/liter iodoacetate, and 2 in A.S.W. with the same inhibitor and 20 raM/liter lactate; all responded similarly. tentatively, we may extrapolate the slow component to zero time to obtain an intercept which provides an estimate of the percentage activity derived from the axon proper. These intercepts are given in Table I together with (~) dimensions of individual fibers and (b) an approximation of the volume and thickness of the "X-phase" on the assumption that it contains Na ~ at the same radioactivity concentration as in the medium.
Another curve which may be reconstructed from the experimental data is the rate of activity loss as a function of time, which we will call a "rote curve." This is obtained by dividing the activity, appearing in a given period of time in the originally inactive solution in contact with the axon, by this time interval and plotting it against the time of collection. For an exponential function, such as the slow component appears to be, when collection periods are short [[ The product of fiber activity and intercept. ¶ The difference between fiber and axon activity. ** On the assumption the X-phase activity/microliter is the same as in the medium and restricted to a uniform peripheral layer.
relative to the time constant, another exponential with the same time constant should be obtained, the zero time intercept being close to the rate of activity loss at the very beginning of the experiment? This may be compared with x It can be shown that for a small collection interval At and a time constant r the zero time intercept will be smaller by the factor (1 -At/2r) compared to that obtained from the desaturation curve. Thus, for sodium, when At = 15 minutes and ~---300 minutes, the factor is 0.975, a difference of only 2.5 per cent from the outflux obtainable from the desaturation curve.
the same datum obtainable from the desaturation curve, which is the intracellular activity at zero time (i.e., its zero time intercept) divided by the time constant. An important aspect of the rate curve is its sensitivity to experimental effects. A twofold change in the rate of activity loss, and hence of outflux, would be quite evident in this curve, whereas in the desaturation curve it would be barely apparent because of the small percentage change involved. The rate curve is also to be preferred for a clearer delineation of the termination of the fast component.
An average rate curve for sodium, based on 5 nerves, is given in Fig. 1 B, a. In order to standardize individual fibers prior to averaging the data, the radioactivity lost per minute of collection interval for each preparation was divided by the initial activity per unit volume (as given by the intercepts of the individual desaturation curves and the geometry) and multiplied by the area to volume ratio of the fiber. The data are thus in units of per cent centimeters/minute; these are the figures given as the ordinate in Fig. 1 The termination of the fast component is seen to occur at about 1 hour. The preparations employed as the control (Fig. 1 B, a) actually were subjected to 4 times the normal potassium level in sea water or to cocaine, but no consistent effect on outflux was seen. Five axons deprived of oxygen, however, showed a consistent and appreciable decline in outflux which is reversible ( Fig. 1 B, b) . Nitrogen was introduced to displace oxygen 5 minutes before termination of a collection. This was done because preliminary observations with a Pauling oxygen meter had shown that 10 minutes were required for the partial pressure of oxygen in the gas phase to drop from 100 to 2 per cent; consequently the axon probably was not subjected to an effective oxygen deficiency at least for this period. From Fig. 1 B, b, interference with sodium outflux did not develop until about 20 minutes following the change to nitrogen; this probably is due to the delay in the removal of oxygen. Recovery in oxygen, however, began immediately, as might be expected from the low tension supplying fiber requirements. Hodgkin and Keynes (8) have reported a more marked decline in sodium outflux when metabolic inhibitors act on axons which have been stimulated previously.
Since the ends as well as the central segment of the axons contribute to the uptake and effiux of radioactivity in our experiments, in a number of instances the residual activity in 1 cm. lengths of both ends was compared with that in the middle segment at the end of the experiments. In 2 cases the radioactivity in the two regions was examined in fibers after 1 hour's exposure to Na ~ A.S.W. and following the customary 2 rinses during the ~ minute in inactive solutions. These data are given in Table II .
From the figures in Table II , expressed as the count rate/microliter of
fiber, ~ it is evident that the end segments take on at least twice as much radioactivity as the central area during the initial exposure to hot solution and that this difference is maintained during the subsequent 145 minutes of contact with radioisotope-free A.S.W.
Potassium.--The K ~ data corresponding to those given for Na ~ are shown in Fig. 2 and Tables III and IV. , where X-phase activity presumably is absent, correction should be made for the radioactivity in the X-phase. The large error introduced by the use of slightly incorrect v/V ratios for the individual fibers makes such a calculation questionable. Such correction will have the effect of increasing the ratio.
The average desaturation curve in Fig. 2 A, based on 12 preparations, resembles that for sodium in possessing 2 temporally different components. The slope of the exponential phase is steeper, corresponding to a time constant of 200 minutes compared to the 290 minutes obtained for sodium.
Evident in Fig. 2 B are small but consistent reversible effects produced by 0.1 to 0.2 per cent cocaine (a) and oxygen lack (b), the former slowing and This is the computed geometrical volume; no correction is made for the X-phase. the latter accelerating potassium outflux. The curve obtained with a single preparation not subjected to these experimental conditions (c) is given for comparison. In Table II_I the potassium X-phase "thickness" is seen to be about double that estimated for sodium. The radioactivity levels employed covered a wide range, but this apparently had no consistent effect on the parameters of this phase. From the axon activity relative to that in the medium, which contained 17/~/ml., the potassium uptake per microliter of axon during the exposure to hot A.S.W. is readily calculated; this corresponds to 13/~M, which is only 3 per cent of the potassium concentration of Loligo axons (5).
F-~io0~~4o
In Table IV the K 4~ content of the two 1 cm. long ends is compared with that in the central region of individual fibers. Only one fiber was examined immediately following exposure to hot A.S.W.; in this instance the ends conrained about 30 per cent more activity than the central segments. Mter the outflux experiments, the ends usually contained slightly less radioactivity than the central region. More data are required to ascertain whether a genuine difference develops in the activity of the end relative to the middle segments as a result of the exposure to non-radioactive A.S.W. The direction of the change is that to be expected if potassium is leaking faster from the terminals, which is the probable situation. In any case, the K a levels do not differ greatly in different parts of the axon. This contrasts with the situation with Na 22, where the radioactivity in the vicinity of the ligatures stayed high compared to the central region.
Chlorlde.--Net flux data have been described by Steinbach (23) for squid axons, which gain sodium and chloride while equilibrating in sea water (25) . No data have been available on the unidirectional flux of this anion.
The desaturation and "loss" curves are given in Fig. 3 . The general characteristics already described for sodium and potassium are evident, namely, an initial rapid phase ending after about 60 minutes, and a slow exponential component; the latter has a time constant of 175 minutes. In Table V are given the parameters for the individual fibers; outstanding is the small X-phase compared to that estimated for the cations.
The Rapid Component of Ion Outflux.--It is well established that single giant fibers have an appreciable extracellular phase associated at least in part with the connective tissue of the sheath. Estimates of its thickness in Sepia, based on electrical (27) and chemical (9) determinations, give about 10 micra, although it may be as large as 20 micra according to the latter pro- (Table III) .
cedure. Electrical estimates of the thickness of the extraceUular layer in Loligo pealii (2) averaged 16 micra and ranged from 7 to 23 micra.
In Table III the thickness of a superficial layer based on the kinetics of the potassium curve averages 16.4 micra, and ranges from 5 to 23.4 micra, in agreement with the electrical measurements on Loligo (2). However, this agreement is regarded as fortuitous in view of the appreciably smaller estimates obtained with sodium and chloride. As will be pointed out in detail later, this thickness is more likely to represent a cortical layer underlying the connective tissue.
If the interspaces of the peripheral connective tissue were merely filled with the medium, they would be expected to contribute relatively more sodium and FIO. 3 A. Averaged decline in radioisotope-free A.S.W. of the CP e content of 7 giant fibers relative to the total present following ca. 70 minutes' exposure to C1 ss A . S . W . B . Rate of CP 6 loss, relative to the initial axonal activity and corrected for the volume to area ratio, estimated from C1 ~ escaping during successive collection intervals of 5 or 15 minutes each. Data are the averages for 7 preparations. Of these, 2 fibers were in A.S.W. throughout, 3 were subjected for the usual 3 collection periods to 0.2 per cent cocaine, and 2 to A.S.W. containing 4 times the usual potassium content; no significant experimental effects were noted, consequently the data were averaged. chloride than potassium in the desatumtion curves. This follows from the predominance of sodium and chloride in the medium. Such a difference in the initial kinetics is made more apparent by plotting the uptake of the three ion species using the "mirror image" of the desaturation curves as a first approximation. Thus, in Fig. 4 these uptake curves are expressed in terms of the absolute quantities of ions taken up per milliliter of the entire fiber. The initial rapid component for sodium and chloride can be seen dearly, but it is almost threefold greater for sodium. This difference between sodium and chloride extends to the slower uptake (and release) as well, as is apparent from the The possibility that the smaller uptake of chloride is a consequence of negative charges on structural elements of the fiber merits further attention.
In any case, it is probable that the contribution by the connective tissue layer to the initial rapid component of sodium and chloride escape gives a spuriously high X-phase volume or thickness for comparison with that of potassium. From this we conclude that the proportions of sodium and chloride relative to potassium in the X-phase are substantially smaller than in the medium.
Since the curves in Fig. 4 represent the ion uptake averaged over the whole fiber, the events occurring at the ends of the fibers cannot be overlooked. Substantially more sodium is taken up at the ends, and the possibility of a chloride uptake one-third as great has been indicated. These, then, might be responsible for the fast components of the sodium and chloride kinetics. However, in the case of sodium, if the initial rapid entry in hot solution were a consequence of a greater permeability of the ends, we should expect a more rapid loss of activity from these regions in inactive solution. Yet the total activity per unit volume at the ends of the fibers is about double that in the middle prior to as well as after exposure to non-radioactive solution (Table H) . Consequently the basic kinetics in the two regions of the fiber apparently is similar, although the magnitudes of the ionic shifts are different.
Pertinent to this problem is the close similarity of the uptake curves in Fig. 4 to those obtained by Rothenberg (16) for sodium and potassium by direct analysis of axoplasm. The identity of the kinetics may be evaluated by comparing the ratio of the uptake at 15 minutes to that at 60 minutes. Our ratios are 0.75 for sodium and 0.45 for potassium, and the corresponding figures from Rothenberg's curves are 0.73 and 0.47, which agree very closely? However, the sodium uptake in Rothenberg's experiments was 2.8 times greater, and the potassium uptake, for a potassium concentration in the medium comparable to our own, twice as large. The similarity may indicate that the X-phase is indeed largely part of the axon proper, perhaps a cortical layer; on the other hand, in the light of Rothenberg's large uptake values, the possibility that his procedure of extruding the axoplasm contaminated the protoplasm with extraaxonal activity cannot be excluded.
The significance of the fast component of influx or outflux cannot be considered as established. However, it may be regarded as extrinsic to that derived from the axon proper. For the purpose of calculating fluxes, therefore, the activity derived from this component will be deducted from the totals.
The Slow Component of Ion Outflux.--The time constants of outflux for sodium, potassium, and chloride, based on the desaturation curves, are 290, 200, and 175 minutes, respectively. As already pointed out, the rate curves should have the same time constants; actually, however, they tend to be smaller. Since the initial rates from the rapid component are much larger than the final rates in the exponential phase, the latter are more susceptible to error as a result of a continued minor contribution of the X-phase to the rate of activity loss. For this reason estimates of outflux derived from the desaturation curves are considered to be a better approximation of this parameter.
Influx.--The influxes for the individual ion species may be obtained from the uptake of radioactivity during the equilibration period. This will be a correct measure of influx if the activity attained by the axon still is remote from the final equilibrium value; the closer the level of activity approaches that of equilibrium, the smaller will be the estimate relative to the correct figure. It is therefore of interest to compare the actual ion concentrations in the axoplasm with the equivalent uptake of ions expressed as the concentration which would be achieved.
With these reservations, the influx is given by * Equivalent uptake of the ion during exposure to hot solution expressed as the concentration achieved in the fiber.
Probable axoplasmic concentrations of the ions at the time of the experiments (5). § Obtained after correction for an X-phase contribution to total activity; this assumed v/V for end and middle segments to be equal to that for the entire fiber (Tables I and III). ]
[ Estimates based on corrections for end effects (see text).
in which Y, is the total activity in the axon, C,~ is the concentration of the ion in the medium, t is the time of exposure to the hot medium, A is the area of the fiber, and y~ is the activity per unit volume of medium. Table VI summarizes the values calculated from the figures in the preceding tables with corrections for the X-phase. The ends and middle regions are compared for sodium and potassium. The obviously large difference between these two regions in the case of sodium dictates that the influx of the central area be taken as more representative of the intact fiber membrane. This value also is to be preferred because the uptake of sodium corresponds to a figure more remote from the total amount in the axon--at most about one-third that in the axoplasm--since it is equivalent to the entry of 18 p~/ml, compared to the 50 or more reported to be the axoplasmic concentration (5) . An approximation of the error resulting from ignoring, say, a roughly exponential rise in intracellular activity indicates that when 18/~ is one-third the final equilibrium concentration in the axon, the calculated value should be increased by 20 per cent. Thus, the directly computed figure of 52 #p~/cm3sec. for sodium influx becomes 63. These values are close to the figure of 61 #]~/cm.~sec.
reported for Sepia axons (9).
The end and middle segments are sufficiently alike with respect to radiopotassium to justify selection of the figure obtained for the whole axon, particularly since it is based on a large number of fibers. The exchange occurring during exposure to K ~ A.S.W. is seen to correspond to only 3 per cent of the final equilibrium concentration in the axon, so that the outflux must have had a negligible effect on the uptake of K a. The value of 42 ##M/cm?sec. may therefore be regarded as a reliable estimate of potassium influx. This value is obtained with an extracellular potassium concentration of 17 #~/ml. Keynes (9) employed a concentration of 9.7/~/ml., which gave an average influx of 17 ##M/cm?sec. for Sepia axons at 13-15°C. Since at these concentration levels potassium influx is roughly proportional to the medium concentration (12) , under the same conditions as our own Keynes' value may be anticipated to be 17/9.7 or 1.8 times greater, i.e. 31 #~/cm.~ec., which is close to our experimental figure for Loligo fibers.
The influx of chloride, based on the total length of axon, is 31 #~/cm3sec., which is of the same magnitude as those of sodium and potassium. The exchange consummated during 1 hour in CP 6 A.S.W. represents only 14 per cent of the intracellular concentration (5), so that the error due to back flux is negligible. No data were obtained to compare the end and middle segments with respect to CP 6 uptake. An upper limit for the chloride excess at the ends is indicated by data for frog (19) and lobster nerve (3). Thus, the net sodium uptake exceeds the net potassium loss at the ends by an amount which suggests that chloride accompanies no more than one-third of the excess sodium. Taking the excess concentration of sodium at the ends as the net sodium gain at the ends (74 -18 = 56 #~/ml.), we have that one-third of this (ca. 19 #~/ml.) is the maximum additional concentration of chloride at the terminals. From this, and the fact that the volumes of the end and central segments would be proportional to their lengths of 2 and 3.8 cm., respectively (see Table V) , it can be shown that the influx of chloride in the central region has a lower limit of 14 #~/cm.~sec.
From these considerations, our best estimates of the sodium, potassium, and chloride influxes in Loligi pealii at 22-23°C. are considered to be 53, 42, and 14 #~/cm.2sec., respectively.
Outflux.--For this datum information is required on the intracellular concentrations (or more strictly the thermodynamic activities); this is available in the literature (5). The outflux is then given by C~V a = ~-A' (2) in which Ca is the intracellular concentration (all the ions being assumed free in the axoplasmic water), T is the time constant of radioactivity decline, A the fiber area, and V the fiber volume. The time constant is that obtained from the slow exponential emergence of radioactivity. For the following computations the geometric volumes are employed with no correction for the volume of the X-phase. A range of 33 to 72 #/~M/cm?sec. is obtained for sodium outflux, corresponding to the 51 to 110/~M/ml. concentrations given in the literature. The low value, 33, is to be preferred for the central segment since the higher concentration is based on analyses which included all but 1 to 2 mm. of the ends of fibers (23, 24). On the basis of this value, and taking 63 as the influx, we obtain a net influx of 30 ~p~/cm3sec. for sodium. The net influx for Sepia at 13-15°C. has been reported as 31 ##M/cm.2sec. (9) . It is of interest that on the basis of a hypothetical relation between membrane potential and ion concentration Hodgkin and Katz (6) estimated a net sodium influx of 84 /~/~M/cm.2sec. in Loligo axons.
A very large outflux figure is obtained for potassium--370 ##~a/cm3sec. Since this is roughly proportional to the extracellular potassium concentration (12), the comparable figure for Sepia (9) , corrected for our potassium concentration (see above), is 100 ~#M/cm.'sec. The difference is too large to be attributable to technical procedure. For example, the loss of K ~ from the ends was too similar to that from the central regions, judging from the close identity of the residual activities in these regions (Table IV) , to have been a factor. The agreement in the literature on the intracellular concentration likewise is too good to question this parameter. We are compelled to conclude that a genuine difference exists between Sepia and Loligo. It cannot be stated with certainty whether this represents a real difference in out:flux, or whether in Loligo axons a substantial amount of intracellular potassium is not freely ionized so that the use of the total potassium concentration for calculation gives a spuriously high estimate of outflux. Direct evidence for the complete exchangeability of intracellular potassium is available for Sepia (7) ; but this does not exclude the possibility of binding. Moreover, the balance sheet for net fluxes suggests that the computed figure is about triple what it should be (see below). On theoretical grounds tIodgkin and Katz (6) postulated a net potassium outflux for Loligo in sea water of 106 jzlz~/cm3sec. The figures in Table VI give a net outflux of about 330 #p~/cm3sec. 4 The estimated chloride outttux--87 /~#~/cm.2sec.--is substantially larger than the influx, from which we obtain a net outflux of 56/ztz~/cm.2sec3 Computations based on electrochemical theory also give a net outflux, estimated at 22 #/~M/cm3sec. (6) . The possibility of chloride binding by proteins in the axons requires evaluation, since its occurrence would lower the outflux figure. 6 The electroneutrality of bulk solutions must be maintained, hence it follows that the total net flux should be zero. However, of the 330 ]z#M of potassium estimated to be lost per unit time and area, less than 100 #/~ can be accounted for in terms of sodium and chloride transfer. It remains to be determined whether the influx of cations like Ca and Mg in the medium, or the outflux of anions like amino acids or particularly of isethionic acid (13) in the axoplasm of the squid, will improve the balance sheet. It is possible that the estimate for potassium outfltLx may be too high, due to the assumption that all intracellular potassium is free in the axoplasm; the actual outflux would be smaller to the extent that bound potassium exists. A potassium outflux of about 125 ##u/cm?sec.--only one-third of that estimated from the intracellular potassium content--would suffice to balance the ionic fuxes given in Table VI . DISCUSSION The flux estimates hinge on the assumption that the initial rapid emergence of radioisotopes is from a phase which should be neglected. All flux values would be higher were this assumption not valid. 4 The unlikelihood of so large a net flux is demonstrated by the low value of the actual potassium loss in stellar nerves. Thus, at room temperature partially dissected nerves containing axons of about 1 cm. ~ lose only 0.05 ~ to sea water during an hour (20) ; the presence of small fibers would be expected to contribute to this loss. A net flux of 300 ~/cm? sec. during 1 hour would give more than 20 times this Ioss, 6 The estimates of chloride in squid axons are probably the least reliable. If the inclusion of the ends of the axons in Steinbach's analyses is allowed for, which may be done on the assumption that the excess cMoride so contributed is one-third of the difference between Steinbach's figure for axonal sodium (II0 /~/ml.) and that of Keynes and Lewis (51 ~/ml.), we obtain a chloride concentration for the central segment of 60 ~/ml. This gives a chloride outflux of 66 ##~/cm. ~ sec which, with the corresponding influx of 14 ~#M/cm. ~ sec., still gives a fairly high net outflux--52 /z/z~r/cm 3 sec.
6 Steinbach (23) found that "after about an hour's treatment with sea water (including time necessary for dissection) axoplasm chloride rises to a higher level that is then maintained for long periods of time." A loss of 50 ##M/cm. j sec. would certainly have been evident in a few hours, hence the possibility that chloride outflux is actually less, again because of appreciable binding, should be kept in mind.
The rapid deterioration of the giant axon, particularly at its tied ends, introduces an element of uncertainty. The greater uptake of Na ~ in this region undoubtedly is associated with an accumulation of sodium and a loss of potassium, such as occurs in frog (19) and lobster (3) nerve. It may be due to a decline in the sodium extrusion process at the terminals, to increased permeability to sodium, or to inwardly directed currents associated with depolarization; these possibilities are by no means mutually exclusive. The greater radiopotassium uptake in this area, where the absolute potassium levels are probably lower (3, 19) , seen in the one preparation examined immediately following exposure to K ~, suggests that inwardly directed injury currents may play an important part in this segment; however, more data are required.
The maintained difference in Na ~ content between the end and central segments during approximately 2.5 hours in inactive solution is noteworthy. If the permeability to sodium were higher at the ends, or if an appreciable amount of longitudinal diffusion occurred into the central segment, one would expect the difference between the two regions to disappear. Actually, longitudinal diffusion under our conditions probably is so small that it can be neglected. This is readily seen from curves given by Hodgkin and Keynes (7) showing in a Sepia axon such diffusion from a hot region to one originally unexposed to radioactivity (their Fig. 4 ). Under this steep radioactivity gradient, 1 cm. of hot axoplasm loses only 25 per cent of its activity in about 7.5 hours. Since our preparations have about twice the radius of Sepia axons, the surface to volume relationship would double the rates involved; but our experiments lasted only 2.5 hours, so that the change in the end activity, or actually in the excess over central activity, would be less than 25 per cent, or close to only 10 per cent of the total activity at the ends.
In the absence of appreciable longitudinal diffusion, the maintained high activity at the ends indicates little difference in the permeability there from that of the central segment; also, it suggests that the outflux in this region is proportional to the increase in axonal sodium, like that in the central segment of toad nerve (22) .
These kinetics over long times should be reexamined with eflflux restricted to the central segment of the axons, as studied by Keynes and his associates over short periods.
The relative values of the time constants of effiux correspond closely to those to be expected from ion diffusibility in free solution. This is rather remarkable since the operation of membrane selectivity, active transport, and membrane potential hardly would be expected to give time constants bearing any simple relation to free diffusion. V More strictly, the penetrabilities, given by P = ~-~ for each ion species, should stand to each other as the free mobilities ff non-specific processes of ion transfer are involved. Thus, in units of centimeters/minute, This agreement with the penetrability ratios is well within the variability of our data; it is di~cult to regard as purely fortuitous. Rather, it may be evidence for a limiting boundary in which potential differences and active transport contribute little to ionic transfer outward.
The X-phase, discussed previously, might be this boundary. One way to test this would be to compare the diffusion coefficient, k, of such a layer (a) calculated from the rapid component of emergence, considered to be derived from within the boundary itself and which, as a first approximation, would obey the equation governing the efftux from a plane sheet (4) and (b) calcuhated from the slow component of escape on the assumption that the loss of activity from the axon proper is also governed by this layer.
The calculations which follow consider the giant axon a two-phase system--the peripheral, coaxial X-phase, from which the initial more rapidly appearing isotope is derived (that from the connective tissue layer is disregarded), and the axon proper, from which the remainder of the radioisotope appears but slowed down by the X-phase. For this model it is easily shown that the surface to volume ratio of the peripheral layer itself is so much greater than its surface to the volume of the fiber that, despite a low diffusion coefficient, it gives up its radioactive ions relatively rapidly to an isotope-free solution while greatly retarding the emergence of the same ions from the axon.
Except for very early times, diffusion from one side of a plane sheet (the X-phase) into an infinite volume behaves like a simple exponential process (22) ; the diffusion coefficient is given in terms of the time constant, r,, as follows :--k~ ---0.39BVr., (3) in which B is the thickness. Also, the loss of radioactivity from the lumen of such a sheet rolled in the form of a cylinder, will be much slower than from within the sheet itself, its time constant, r, being related to the diffusion coeflficient according to k~ = 0.25 wB/r, (4) w being the fiber diameter (22) and B << w. On the basis of the potassium data (Table III and Fig. 2 ; r, is computed from the difference curve obtained by subtracting the extrapolated values of the slow component at early times from the initial part of the curve in Fig.  2A ),wehave B = 16 #,r, = 17 minutes, w = 480/x. From this Kkois 5.9 X 10 --s and Kkb is 8.6 X l0 s cm.S/min. Taking B as the same for the other ions and using the later portion of the rapid component, we have for sodium r, = 27 minutes, w = 464 #, hence N,ka = 3.7 X 10-8 and ~r,/~ = 6.2 X los cm.2/mln., while for chloride T, = 23 minutes, w = 456 /~, therefore clka = 4.4 X los and clkb = 10.4 X l0 s cm.2/min. Thus, the agreement of k~ and /~ is within a factor of 2 or better; this is good agreement, particularly in view of the probability that diffusion from the axoplasm into the proposed peripheral layer would give an apparently smaller k when simple plane sheet theory such as we have applied, which ignores this diffusion, is applied to such a layer.
The agreement of k~ and/~ is consistent with the view that the same peripheral layer, of the order of 16 # thick, is the source of the initia], rapidly emerging radioactivity and is also chiefly responsible for the slow emergence from the axon. The diffusion coefficients, based on the averages of k, and kb, are: kK = 7.3 X l0 s, kN~ = 5.0 X los, and kCl = 7.4 X 10 -8 cm.2/min.
These are exceedingly small coefficients, some 10,000 times smaller than for free diffusion (21) . It must be stressed that they have been derived directly from the time constants; no assumptions regarding the outfluxes or intracellular concentrations are necessary. They also depend on the estimate of thickness; the value used has been that derived from the fraction of K s emerging rapidly, the assumption being that the activity/milliliter of this layer is the same as in the medium. The coefficient will be larger or smaller if the thickness estimate is reduced or increased. The sodium and chloride concentrations of the proposed layer are probably less than in the medium, according to the smaller v/V ratio and to the corresponding "thickness", particularly when the latter are corrected for the connective tissue contribution. Less likely is the alternative that the effective thickness of the proposed peripheral layer is actually smaller for sodium and chloride; rather, factors such as selective binding and fixed negative charges may be responsible for a smaller sodium and chloride content.
The similarity of the relative values of P or k to the relative transference numbers in free solution suggests that penetration through large (relative to ion dimensions) pores is involved, while the small absolute values indicate few such pores. Further verification of this is possible by an examination of the temperature coefficients of these time constants; should the coefficients prove similar to those in free solution, this will provide further support for the proposed basis of the very low diffusion coefficients.
It is necessary to identify this boundary of low diffusibility with the "functional membrane" which declines in resistance during production of the nerve impulse. That its resistance at rest is roughly that indicated by electrical measurements of the "membrane" (1, 2) , viz., 1000 or 1500 ohm cra. ~, may be demonstrated by applying the relation between membrane conductance, G, and flux obtainable from relationships derived by Ussing and Zerahn (26) 
Equation 5 gives the conductance for each individual ion species, i.e. the partial conductance, and Equation 6 the total conductance of the membrane. Using the central fluxes in Table VI when preferable, we obtain GK -~ 0.56, Cuba = 0.15, Gcl= 0.12 mmhos/cm. 2, hence Gr is 0.83 mmhos/cm?, which is equivalent to a membrane resistance of 1200 ohms cm?. If the potassium outflux is actually that sufficient to balance all other fluxes in the table, v/z. 125/z#M/cm. ~ sec., Gx becomes 0.28 and Gr 0.55 mmhos/cm?, which gives a membrane resistance of 1800 ohms cm2. These resistance values are close to those obtained by electrical measurement.
In conclusion, certain aspects of the experimental modifications in outflux may be noted. The demonstrated ability of cocaine to reduce potassium outflux is consistent with earlier suggestions that by reducing potassium permeability this alkaloid (a) slows the interchange of sodium for potassium during metabolic inhibition of nerve (19) and (b) decreases the depolarization of muscle by KC1 (17, 18) . No effect on sodium outflux was observed. This is consistent with the earlier proposal that cocaine, and possibly related "stabilizers," act specifically on potassium permeability. However, the possibility cannot yet be excluded that active outward transfer obscures an effect on sodium permeability.
The effect of anoxia on sodium outflux under our experimental conditions, while significant, was not great; whether iodoacetate was present or not, in 80 minutes this outflux was reduced to about one-half. The possibility of other sustaining reactions or an accompanying increase in permeability cannot be excluded by these data. Metabolic inhibitors applied to stimulated axons, which have a greater sodium outflux rate, depress the effiux tenfold more; they also reduce sodium influx somewhat, which appears to rule out the possibility of an increase in sodium permeability (8) .
See also Linderholm, H., Acta Physiol. Scared., 1952, 9.7, suppl. 97.
The small increase in potassium outflux in the absence of oxygen may be a consequence (a) of increased membrane permeability, (b) the availability of anions to accompany potassium outward, or (c) of a decrease in "bound" potassium. Available data do not permit selection of one of these possibilities. In axons which have been stimulated metabolic inhibition substantially reduces potassium influx (8, 11) , suggesting that the active transport of potassium inward is blocked as well. It is noteworthy that the conformance in the giant axon of the potassium fluxes and concentrations under aerobic conditions to a theoretical relation previously considered to indicate "passive distribution" is now regarded as a "coincidence" in the light of additional data on the effects of metabolic inhibition (10) .
SUMMARY
The loss of Na ~, K 4~, and C13e from single giant axons of the squid, Loligo pealii, following exposure to an artificial sea water containing these radioisotopes, occurs in two stages, an initial rapid one followed by an exponential decline. The time constants of the latter stage for the 3 ion species are, respectively, 290, 200, and 175 minutes. The outflux of sodium is depressed while that of potassium is accelerated in the absence of oxygen; the emergence of potassium is slowed by cocaine, while that of sodium is unaffected. One cm. ends of the axons take up about twice as much radiosodium as the central segment; this difference in activity is largely preserved during exposure to inactive solution. Such marked differences are not observed with radiopotassium. From the experimental data estimates are given of the influxes and outfluxes of the individual ions. The kinetics of outflux suggests a cortical layer of measureable thickness which contains the ions in different proportions from those in the medium and which governs the rate of emergence of these ions from the axon as though it contained very few but large (relative to ion dimensions) pores.
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